؉ cytotoxic T lymphocytes (CTL) appear to play an important role in the control of virus replication and in protection against HCMV-related disease. We have previously reported high frequencies of memory CTL precursors (CTLp) specific to the HCMV tegument protein pp65 in the peripheral blood of healthy virus carriers. In some individuals, the CTL response to this protein is focused on only a single epitope, whereas in other virus carriers CTL recognized multiple epitopes which we identified by using synthetic peptides. We have analyzed the clonal composition of the memory CTL response to four of these pp65 epitopes by sequencing the T-cell receptors (TCR) of multiple independently derived epitopespecific CTL clones, which were derived by formal single-cell cloning or from clonal CTL microcultures. In all cases, we have observed a high degree of clonal focusing: the majority of CTL clones specific to a defined pp65 peptide from any one virus carrier use only one or two different TCRs at the level of the nucleotide sequence. Among virus carriers who have the same major histocompatibility complex (MHC) class I allele, we observed that CTL from different donors that recognize the same peptide-MHC complex often used the same V␤ segment, although other TCR gene segments and CDR3 length were not in general conserved. We have also examined the clonal composition of CTL specific to pp65 peptides in asymptomatic human immunodeficiency virus-infected individuals. We have observed a similarly focused peptide-specific CTL response. Thus, the large population of circulating HCMV peptide-specific memory CTLp in virus carriers in fact contains individual CTL clones that have undergone extensive clonal expansion in vivo.
CD8
ϩ cytotoxic T lymphocytes (CTL) recognize virus-infected cells via the T-cell receptor (TCR), an ␣␤ heterodimer that has specificity for the peptide antigen presented by major histocompatibility complex (MHC) class I molecules. During T-cell development in the thymus, the TCR ␤-chain is constructed by rearrangement of variable (V), diversity (D), and joining (J) gene segments, and the ␣-chain by rearrangement of V and J segments. Additional diversity is generated by imperfect joining of these segments, exonucleotide nibbling at the joins, and addition of non-germ line-encoded N-region nucleotides (25) . The regions spanning the V-D-J and V-J joins constitute the hypervariable CDR3 regions which are thought to interact with the middle of the bound peptide and to account for approximately 50% of the TCR's interaction with peptide (14, 15, 20) . The ␣-and ␤-chain complementarity determining regions CDR1, which reside within the TCR V segments, are thought to interact with the N and C termini of a peptide that is bound to MHC. By contrast, V␣ and V␤ CDR2s are thought to interact predominantly with the MHC itself (14, 15) .
Human cytomegalovirus (HCMV) is a ubiquitous betaherpesvirus that infects between 60 and 90% of individuals, depending on the population studied. After primary HCMV infection, the virus persists lifelong in a latent state in cells of the myeloid lineage and under the control of the immune system (5) . HCMV reactivation can, however, cause serious disease in immunocompromised individuals, such as patients with advanced human immunodeficiency virus (HIV) infection (30) and patients who have undergone bone marrow transplantation (33) . Evidence from animal models (32) and from studies of immunosuppressed humans (39) indicates that virus-specific CD8 ϩ CTL have a role in protection against CMV disease. We previously studied in detail the HCMV-specific CTL response in healthy virus carriers. All seropositive donors had high frequencies of MHC-restricted HCMV-specific memory CTL precursors in peripheral blood and strongly recognized one of the viral tegument proteins, pp65. In some donors, the CTL response to this protein was highly focused, recognizing only a single epitope within pp65, whereas in others the CTL recognized multiple pp65 peptides (41 and unpublished data).
The aim of this study was to examine the clonal composition of the memory CTL response to HCMV pp65 by determining how many different CTL clones are involved in the recognition of a given pp65 peptide. In order to do this, we analyzed the TCR ␣-and ␤-chain usage of multiple independently derived peptide-specific CTL clones from healthy virus carriers.
Previous studies have examined the heterogeneity of the CTL response to other human virus infections within single subjects (2, 8, 11, 18, 19, 22, 38) or between different donors (2, 6, 8, 11, 23, 38) . In the most extreme cases, a very high degree of TCR focusing has been seen: in a study of one HIV-positive individual's CTL response to an HLA-B14-restricted HIV env peptide, the same TCR was used by 9 of 10 peptide-specific CTL clones, each derived at different time points over the course of 36 months (22) . Similarly, multiple independent CTL clones specific to an HLA-B8-restricted Epstein-Barr virus (EBV) peptide derived from one virus carrier at one time point all used the same TCR (2) . The CTL response to different human T-lymphotropic virus type 1 (HTLV-1) peptides has been observed to be oligoclonal within individual donors (38) . However, in a variety of other human and mouse viral infections within a given individual, the repertoire of CTL specific for a given peptide has been highly heterogeneous (8, 11, 18, 19) .
The TCRs of CTL obtained from different donors that recognize the same peptide-MHC complex often show some conservation of gene segment usage, although they differ in hypervariable sequence. For example, V␤ segments and certain ␤-chain CDR3 motifs were conserved between TCR that recognized an HLA-A2-restricted influenza virus peptide in CTL clones derived from different donors (23) ; the same phenomenon has been seen for an HLA-B27 restricted influenza virus peptide (6) and an HLA-A11-restricted EBV peptide (8) . A much higher degree of TCR conservation has also been seen; the same TCR ␣-and ␤-chain protein sequences were used by CTL clones from four of five unrelated donors that recognized an HLA-B8 restricted EBV peptide (2) . In the case of HTLV-1, CTL from different donors that were specific to the same peptide used largely unrelated TCR (38) .
For all of the human viruses so far studied, the clonal composition of virus-specific CTL has only been examined for a very few viral peptide-MHC combinations, sometimes in only one donor or at only one time point. In this study, we have therefore examined multiple CTL clones specific to a total of four pp65 peptides, all restricted by three different HLA alleles. We have derived these clones from six healthy virus carriers at one to four time points up to 18 months apart. To identify CTL clonotypes for longitudinal studies and to determine whether HIV infection modifies the clonal composition of HCMV-specific CTL, we have also examined pp65-specific memory CTL in two asymptomatic HIV-infected subjects who are HCMV seropositive. For any given individual, whether HIV seropositive or seronegative, our results indicate that the memory CTL response to individual HCMV pp65 epitopes is highly focused and contains CTL clones that have undergone extensive expansion in vivo.
MATERIALS AND METHODS

Donors.
Six healthy HIV-seronegative laboratory donors and two asymptomatic HIV-seropositive donors attending the HIV clinic at Addenbrooke's Hospital, Cambridge, United Kingdom, were studied. All donors were HCMV seropositive as determined by an immunoglobulin G enzyme-linked immunosorbent assay (IgG ELISA; Captia HCMV IgG immunoassay; Centocor Inc., Malvern, Pa.). MHC class I tissue types were established for each of the donors by serological typing (Lymphotype ABC-120; Biotest, AG, Dreieich, Germany) and are shown in Table 1 .
Viruses and cell lines. HCMV AD169 (ATCC VR-538) was grown in GMO5387 fibroblasts (Coriell Cell Repositories) infected at a multiplicity of infection (MOI) of 0.01. Whole infected cultures were harvested 5 days after a 100% cytopathic effect was evident and were spun at 8,000 rpm. Pellets were pooled, resuspended in 5 ml of RPMI 1640 medium, and sonicated in an icecooled water sonication bath. The resulting mixture was divided into 200-l samples and frozen at Ϫ70°C. Titers of stocks were determined on 12-well plates of GMO5387s by using 10-fold dilutions of virus and a 10-day incubation before reading. Recombinant vaccinia viruses expressing the HCMV protein pp65 (Vacpp65; a gift of S. Riddell, Fred Hutchinson Cancer Research Center, Seattle, Wash.) and a negative control expressing an irrelevant protein bacteriophage RNA polymerase T7 (VacT7) were grown in BHK cells infected at an MOI of 0.1. After 48 to 72 h the infected cells were harvested and subjected to three rounds of freeze-thawing followed by sonication. The cell debris was removed by centrifugation, and supernatant containing virus was divided into aliquots and stored at Ϫ70°C. The titer of one aliquot was subsequently determined on Vero cells; aliquots normally contained between 1.5 ϫ 10 7 to 10 ϫ 10 7 PFU/ml. B-lymphoblastoid cell lines (LCL) were established from peripheral blood mononuclear cells (PBMC) by EBV transformation (B95.8) and maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 10 5 IU of penicillin per liter, and 100 mg of streptomycin per liter. Production of peptides from the matrix protein pp65. A panel of 15-aminoacid (15mer) peptides overlapping by 9 amino acids were constructed as described previously (41) . These peptides are numbered 1 to 80; peptide 1 starts at amino acid 85 of pp65, and peptide 80 ends at the C terminus. Minimal 9-or 10-amino-acid peptides corresponding to proposed MHC-restricted epitopes were synthesized and purified (Ͼ95%) by high-performance liquid chromatography (Affiniti Research Products, Ltd., Exeter, United Kingdom). All peptides were dissolved in RPMI 1640 at 200 g/ml and frozen in small aliquots at Ϫ70°C.
Generation of HCMV-specific CTL in LDA. The methodology of limiting dilution analysis (LDA) as used for this study has previously been described in detail (9) . Briefly, PBMC were prepared from fresh heparinized venous blood samples by Ficoll-Hypaque (Lymphoprep; Nyegaard, Oslo, Norway) density gradient centrifugation. In order to remove natural killer (NK) cells, 1.5 ϫ 10 7 PBMC were incubated with 20 l of anti-CD16 IgM monoclonal antibody (Leu11b; Becton-Dickinson) for 30 min at 4°C. After one wash in phosphatebuffered saline (Oxoid), the antibody-labeled PBMC were mixed with a 1:2 dilution of baby rabbit complement in RPMI 1640 and incubated for 45 min at 37°C. After a washing in RPMI 1640, the NK-cell-depleted PBMC were used as responder cells in LDA. Replicate microcultures (n ϭ 18 to 27) were set up in 96-well round-bottom plates in which the initial number of responder cells per well was progressively reduced over an appropriate range of dilutions in RPMI 1640 supplemented with 10% human HCMV-seronegative AB serum (Blood Transfusion Service, Addenbrookes Hospital), 2 mM L-glutamine, 10 5 IU of penicillin per liter, and 100 mg of streptomycin per liter (from now on referred to as RPMI-HuAB). As antigen-presenting cells, autologous PBMC were pulsed for 1 h with either HCMV at an MOI 0.01 or with defined pp65 peptides irradiated (2,400 rad) and added at 5 ϫ 10 4 per well. The medium was further supplemented with human recombinant interleukin-2 (IL-2) to give a final concentration of 5 IU/ml. The cultures were incubated at 37°C in 5% CO 2 and refed with RPMI-HuAB supplemented with 5 IU of IL-2 per ml on days 5 and 10. On day 14, the cells in each individual well were resuspended and divided into five aliquots that were assayed for cytotoxicity against radiolabeled target cells expressing different HCMV antigens in 4-h 51 Cr release cytotoxicity assays. Target cells comprised autologous or MHC-mismatched LCL (4 ϫ 10 3 cells/well) that had been infected for 18 h with Vacpp65 or VacT7 (MOI ϭ 10) and radiolabeled with 51 Cr (Amersham) for 45 min at 37°C. Preparation of target cells expressing peptide. pp65 peptide-pulsed target cells were prepared by first labeling LCL with 51 Cr (Amersham) for 45 min at 37°C and then pulsing them with 50 l of peptide at a concentration of 40 g/ml for an additional hour. Target cells were washed three times in 5 ml of RPMI 1640-10% FCS and counted for use in the chromium release assays.
Analysis of LDA. The method of analysis has been described previously (9, 41) . For each target cell type, the percentage of specific lysis was calculated for each well by using the following formula: [(test release Ϫ spontaneous release)/ (maximum release Ϫ spontaneous release)] ϫ 100. A well was considered, by split-well analysis, to be positive for MHC-restricted cytotoxicity if the percentage of specific lysis against the autologous target was 10% greater than the percentage of specific lysis against the MHC-mismatched control target. Limiting dilution plots for MHC-restricted killing were produced by plotting the proportion of negative wells against the initial responder cell number per well on a semilogarithmic plot. From the single-hit Poisson model, the frequency of antigen-specific CTL precursors (CTLp) was estimated from the initial responder cell number at which 37% of the wells were negative for cytotoxicity (9) . All calculations were performed by using a series of Excel Macros written by one of the authors (M.P.W.). Derivation of formal single-cell clones and expansion of low-dilution CTL microcultures. Formal single-cell clones were obtained by subculture of selected LDA microcultures by dilution at 0.5 cells/well in 96-well U-bottom plates. At day 0, each well received 5 ϫ 10 4 irradiated (2,400 rad) allogeneic PBMC in RPMI-HuAB plus 10% FCS (Myoclone; Gibco) plus human recombinant IL-2 (50 IU/ml) plus phytohemagglutinin at a final concentration of 2 g/ml. Clones were incubated at 37°C in 5% CO 2 , refed with RPMI-HuAB supplemented with 10% Myoclone and 50 IU of IL-2 per ml twice weekly, and supplemented with 5 ϫ 10 4 irradiated allogeneic PBMC once weekly. After 2 to 3 weeks, the cells in each individual well were resuspended, and two aliquots were removed to assay for cytotoxicity against 51 Cr-labeled target cells pulsed with the relevant peptide or left unpulsed. Clones were selected on the basis of strong killing of the peptide-pulsed target and minimal killing of the unpulsed target. Clonally derived LDA microcultures (selected from master plate dilutions at which fewer than 50% of the microcultures showed peptide-specific cytotoxicity) were expanded by refeeding in a twice-weekly manner as described above, until large cell pellets were visible. These cultures were retested, and those showing peptidespecific cytotoxicity were selected. We have demonstrated separately that individual low-dilution LDA microcultures contain single CTL clones (unpublished observations).
mRNA extraction and cDNA synthesis. T-cell clones and lines were cultured without feeder cells for at least 10 days prior to RNA preparation. Total RNA was extracted from 1 ϫ 10 5 to 10 ϫ 10 5 cells with an RNA extraction kit (Qiagen, West Sussex, United Kingdom). First-strand cDNA was reverse transcribed with an oligo(dT) primer and avian myeloblastosis virus reverse transcriptase by using a reverse transcription kit (Promega, Madison, Wis.) according to the manufacturer's instructions.
PCR amplification to determine ␤-or ␣-chain V region usage. PCR was performed by using either a panel of TCR V␤ primers based on those published by Loveridge et al. (24) and Rosenberg et al. (35) or a panel of TCR V␣ primers based on those published by Kalams et al. (22) . In order to ensure that every possible TCR V␤ and V␣ subfamily could be recognized by these panels, we designed new subfamily-specific primers. We made a comparison between the sequence of the published V␤ or V␣ primer (22, 24, 35) and the sequence of the corresponding region to which the primer should bind for each of the subfamilies (most recently published by Arden et al. [1] ). Where it was predicted that a family-specific primer would be unable to bind effectively to a subfamily gene segment due to a sequence difference, a new subfamily-specific primer was designed (for example, our V␤11 primer had 5Ј-to-3Ј sequence AACAGTCTC CAGAATAAGGACG. The corresponding region in the V␤11.2 gene segment differed at the last two nucleotides, making efficient priming improbable. In order to be able to detect any V␤11.2 ϩ TCRs, we therefore designed a new subfamily-specific primer, sequence AACAGTCTCCAGAATAAGGATA. In total, nine new V␤ subfamily-specific TCR primers were designed: V␤5.5, CAT GACTGTTGCTCTGAGATG; V␤6.3, GGCCTGAGGGATCCATCTC; V␤6.4, AAGGGATCTTTCTCCACCT; V␤8.4, TGCAGGGACTGGAATTGCTG; V␤9.2, ACTCTCCAGACAAAGTTCAT; V␤11.2, AACAGTCTCCAGAATA AGGATA; V␤12.3, AGATAAAGGAGAAGTCCCCGAT; V␤13.4, CACTGA CAAAGGAGAAGTCCC; and V␤13.6, GATAAAGGAGAAGTCCCGAAT. Also, three new V␣ subfamily-specific TCR primers were designed: V␣1.2, TTACCCTGGGAGGAACCAGAG; V␣1.4, TTTTTCCAGGAACTGCCAG AG; and V␣8.2, GGAGAGAGTGTGGGGCTGCATC. In addition, corresponding C-region specific primers were used: C␤, AGGCGGCTGCTCAGGC AGTATCTGGAGTCA (from Loveridge et al. [24] ) and C␣, GCTGTTGTTG AAGGCGTTTGCACATGCAAA (from Baer et al. [3] ) (synthesized by Genosys Biotechnologies, Inc., Cambridge, United Kingdom). Each reaction was carried out in a total volume of 50 l containing a 1 mM concentration of each deoxynucleoside triphosphate (Boehringer Mannheim), 3.75 mM MgCl 2 , each primer at a final concentration of 1 M, and 1 U of Taq polymerase (Promega) in buffer supplied by the manufacturer. A total of 2 l of cDNA was used for PCR amplification in each case. The reaction was overlaid with mineral oil, and amplification was performed for 40 cycles of PCR. Conditions were 1 min of denaturation at 94°C, 30 s of annealing at 60°C, and 30 s of extension at 72°C on a DNA thermal cycler (Cetus 9600 Instrument; Perkin-Elmer, Norwalk, Conn.). Next, 45 l of each PCR product was separated on a 1.3% agarose gel. Expression of V␣ or V␤ genes was considered positive when an approximately 300-to 400-nucleotide rearranged band could be visualized with ethidium bromide staining.
TCR ␣-and ␤-chain sequencing. Individual PCR reactions were performed as described above with a selected V-region-specific primer labeled with a 5Ј biotin tag (Genosys Biotechnologies). Amplification was confirmed by separating 5 l of each PCR product on a 1.3% agarose gel and visualizing it by ethidium bromide staining. A negative reagent control was included in each case; no PCR product was ever visible in the negative control lanes. The amplified biotinylated fragments were isolated by using M280-streptavadin-conjugated Dynabeads according to the manufacturer's instructions (Dynal AS, Oslo, Norway). The biotinylated strands were resuspended in 7 l of H 2 O and sequenced with a C␤ or C␣ primer positioned 5Ј within the C region compared to the corresponding primer used for PCR amplification (C␤seq, AGATCTCTGCTTCTGATG; C␣seq, ATAGGCAGACAGACTTGT). Sequencing was performed with a Sequenase 2.0 kit, and labeling was carried out with [ 35 S]dATP according to the manufacturer's instructions (Amersham). Completed sequencing reactions were incubated at 80°C for 5 min. Dynabeads were sedimented, and 4 l of each reaction was separated on a 6% polyacrylamide sequencing gel.
Sequence data. All TCR sequence data are available from EMBL-GenBank-DDBJ under accession numbers AJ010874-877, AJ010878-883, A010884-886, AJ010887-895, and AJ010896-900. 
RESULTS
We previously identified four CTL epitopes restricted by three different HLA alleles from pp65, as shown in Table 2 (reference 41 and unpublished data).
Characterization of the clonal composition of the memory CTL response to pp65 peptides. (i) Peptide 69. In order to address the question of how many different CTL clones recognize a given peptide-MHC complex, we first determined how many different TCR V␤ gene segments were used by CTL specific to this peptide. Peptide-specific CTL lines were obtained by pooling the residual cells from LDA microcultures that showed strong peptide-specific killing, and their composition was studied by using 2-color immunofluorescence with monoclonal antibodies specific for defined V␤ gene segments. Figure 1A illustrates the percentage of CD8 ϩ lymphocytes from donor 011 that express each V␤ segment. Upon stimulation with peptide 69, V␤8 ϩ cells are expanded to approximately 31% of the CD8 ϩ population and V␤17 ϩ cells are expanded to approximately 49%. These V␤ expansions were specific for CTL stimulated with peptide 69; CTL lines generated by stimulation with a different pp65 peptide did not show expansions of V␤8 ϩ or V␤17 ϩ cells (Fig. 1B) . We next addressed the question of how many different individual CTL clones contribute to these V␤8 ϩ and V␤17 ϩ peptide 69-specific CTL populations. At limiting dilution, where Ͻ50% of replicate microcultures showed peptide-specific killing, we identified three individual microcultures that showed strong peptide-specific killing; residual cells from each well were subcultured at 0.5 cells per well to generate formal single-cell CTL clones. These clones were retested for peptidespecific cytotoxicity, and the TCRs of clones that showed peptide-specific killing were sequenced. Subclones from two of the three independent limiting-dilution cultures were V␤8 ϩ and had identical sequences; the third clone was V␤17 ϩ (Table 3) . In order to determine whether these clones were representative of the peptide 69-specific CTL population, we amplified material from multiple independent clonally derived CTL cultures at the same low dilution at a second time point and determined their sequences (Table 3) . We found that for V␤8 ϩ peptide 69-specific CTL, the same three clonotypes could be isolated at a third time point a year later.
Peptide 69-specific CTL were analyzed in other virus carriers in a similar manner, by first deriving two to four formal peptide-specific single-cell clones and then sequencing their TCRs. Subsequently, we identified LDA microcultures that showed peptide-specific killing; we then expanded the residual cells and sequenced the TCR. Results of this analysis are shown in Table 4 . In all of the donors studied, the memory CTL responses to peptide 69 were similarly focused: for any given donor one predominant ␤-chain sequence was expressed by multiple independently derived peptide-specific formal clones and also by clonally derived CTL cultures. Similar results were observed for HIV-seropositive donors H0009 and H0018.
(ii) Peptide 72. In peptide 72-specific CTL lines derived from donor 011, we were unable to detect any V␤ expansions with a monoclonal antibody panel that recognizes 50 to 70% of all V␤ segments. We therefore determined the TCR V␤ usage of these CTL lines by extracting mRNA, reverse transcribing it, and then performing PCR with a panel of V␤-specific primers to amplify the VDJ region of the TCR ␤-chain. We amplified material from multiple independently derived formal clones and CTL lines specific for peptide 72 derived at three time points. We found that, in every case, each formal clone or CTL line expressed both V␤6.4 and V␤9.2. We sequenced both TCR ␤-chains ( Table 5 ) and found that the V␤9.2 ϩ ␤-chain nucleotide sequence contained a stop codon in the middle of the hypervariable region. It therefore appeared, in this case, that during T-cell development an error had occurred in the rearrangement of the DNA encoding the V␤9.2 ϩ ␤-chain of this clone causing it to rearrange another one, the V␤6.4 ϩ ␤-chain. We further sequenced the complementary strand of the V␤9.2 ϩ PCR product and confirmed the presence of the stop codon. We also performed individual PCR reactions with a panel of V␣-specific primers on two of the peptide 72-specific V␤6.4 ϩ -V␤9.2 ϩ formal clones. In both cases, V␣4 was the only V␣ segment expressed by these clones. We sequenced the V␣4 ϩ ␣-chains of all peptide 72-specific clones and CTL cultures and found in each case that every clone or culture expressed the same ␣-chain sequence (Table 5) .
(iii) Peptide 56. For five donors, we amplified material from multiple independently derived formal clones and LDA microcultures that recognized peptide 56 (Table 6 ). We again observed a high degree of focusing. This dominant clonal response was also seen in bulk CTL lines. For donors 015 and 016, we performed an entire V␤ PCR screen on peptide 56-specific CTL lines. In each case dominant bands were seen corresponding to V␤6.4 and V␤14. We sequenced both of the V␤6.4
ϩ PCR products. Either pure sequence was seen, or sequence contaminated with very faint bands derived from other TCRs was seen. The predominant sequence was always identical to the sequence derived from the independent peptide-specific V␤6.4 ϩ formal clones, indicating that this population of peptide-specific CTL was highly focused. For donors 015 and 016 we also analyzed the ␣-chain usage of two peptide 56-specific CTL clones and the bulk peptide 56-specific CTL lines. We confirmed that a given ␤-chain was always associated with the same ␣-chain.
For donor 002, we sequenced the TCRs of peptide 56-specific formal CTL clones and LDA microcultures that had been stimulated in two different ways: either with PBMC pulsed with peptide 56 (cultures 5 and 7) or with PBMC pulsed with HCMV (clones A, B, and C) ( Table 6 ). Clone A and culture 5 had the same V␤6.4 ϩ ␤-chain nucleotide sequence. Clones B and C and culture 7 shared a single V␤6.4 ϩ ␤-chain sequence which was different from the ␤-chain sequence of clone A. This demonstrates that both methods of stimulation in vitro activate the same CTL clonotypes.
(iv) Peptide 31(10mer). All HLA-B7-positive donors in our study also recognized a 10mer epitope of peptide 31. We studied the clonal composition of CTL specific to this epitope (Table 4) .
A summary of all TCR ␤-chain sequences derived from the eight subjects studied is given in Table 4 . For each donor, the proportion of CTL clones to the cultures analyzed that share identical ␤-chain sequences is also shown.
DISCUSSION
We have shown a high degree of clonal focusing among the memory CTL specific for a given HCMV pp65 peptide-MHC complex within each of the eight donors studied here. In general, for any given donor, CTL specific to a particular peptide used only one or two V␤ segments; in most cases only one or two predominant ␤-chain clonotype sequences were detected in multiple independently derived peptide-specific formal clones and clonally derived CTL cultures that we analyzed. Whenever we examined ␣-chain usage of some of these independent CTL clones and microcultures, we always found that a given ␤-chain was associated with the same ␣-chain.
It is important to consider how closely the HCMV-specific TCR repertoire analyzed in vitro corresponds to that present in vivo. The CTL clones that we studied were selected both for growth in vitro and for peptide-specific CTL activity (range, 21 to 89% specific lysis). It is possible that the composition of peptide-specific CTL clones in vivo may be more heterogeneous than was suggested by our in vitro analysis because some peptide-specific clones may show reduced in vitro growth and/or have lower TCR affinity for a specific peptide-MHC. To address whether the method of stimulation in vitro influences the observed degree of clonal focusing, we studied in donor 
agc tta ggg gga aac ctt tac gag cag tac 002 peptide 56-specific CTL derived from limiting-dilution cultures that had been stimulated in two different ways: either with PBMC pulsed with peptide or with PBMC pulsed with HCMV. For the multiple independent cultures analyzed, the same two V␤6.4 ϩ clonotypes were seen regardless of the stimulation protocol used (Table 6) ; the degree of focusing we have observed was thus independent of the method of CTL generation in vitro. One approach to studying clonal composition without selection for in vitro growth has been to use staining with MHC-peptide tetramers to purify peptide-specific CD8 ϩ T cells directly ex vivo (42) . When the TCR of purified HIV gag peptide-specific CD8 ϩ cells were sequenced, 10 of 18 clones were one clonotype and 8 of 18 clones were a second clonotype. These results indicate that this HIV peptide-specific CTL response was highly focused in vivo, although MHCpeptide tetramers may preferentially select high-affinity CTL clonotypes rather than low-affinity CTL clones (if any are present in vivo).
Some donors used more than one V␤ segment to recognize the same peptide-MHC. For example, donor 011 used V␤8 and V␤17 to recognize peptide 69. V␤17 ϩ CTL recognizing peptide 69 had highly focused TCR usage: six independently derived peptide-specific clones or clonal cultures generated at two time points 6 months apart all had identical TCR ␤-chain sequences. By contrast, V␤8
ϩ CTL recognizing peptide 69 were more diverse; two independent formal clones derived at the first time point had identical ␤-chain sequences, whereas only one of four clonal microcultures that were subsequently analyzed expressed this TCR. Three of these four microcultures expressed different TCRs, although all showed some conservation at the level of the hypervariable region motif (either SA or SV). The CDR3 lengths of these TCR ␤-chains also differed, at either 7 or 8 amino acids, which may be because each TCR CDR3 can interact with different regions of peptide 69. In order to determine how diverse the V␤8 ϩ response was, eight peptide 69-specific CTL microcultures were analyzed at a third time point a year later. Only the three clonotypes that had been identified at the previous time point were detected, and the clonotype originally identified in the first analysis of two formal clones accounted for four of eight of these cultures.
In order to study donor 011's peptide 72-specific CTL, we derived nine formal peptide-specific clones and CTL cultures at three time points over the course of 14 months. For every clone or culture, the same V␣4 ϩ ␣-chain was detected, along with a productively rearranged V␤6.4 ϩ ␤-chain and a nonproductively rearranged V␤9.2 ϩ ␤-chain. It is very unlikely that during thymic development several different T-cell clones independently acquired an identical nonproductively rearranged V␤9.2 ϩ ␤-chain. This V␤9.2 ϩ ␤-chain therefore acts as a distinctive genetic marker for all progeny of the single CTL clone in which the defective rearrangement took place. Since all nine peptide 72-specific clones or cultures we analyzed were positive for this marker, this confirms that the vast majority of 011's peptide 72-specific CTL originate from the expansion of a single precursor cell in vivo.
We observed that CTL from different donors that recognize the same peptide-MHC complex often used the same V␤ gene segment. For example, three V␤ regions were predominantly used by peptide 69-specific CTL derived from the five A2-positive donors we studied: V␤ regions 6, 8, and 13.1. We have now observed V␤13.1 usage by peptide 69-specific CTL for a total of 4 of 10 HLA-A2-positive HCMV-seropositive donors examined. Interestingly, the same TCR ␤-chain protein sequence, although not the same nucleotide sequence, was used by V␤8 ϩ peptide 69-specific CTL from donors 011 and 015 ( Table 4 ), implying that this TCR may be able to bind this peptide efficiently.
In all five HLA-B7-positive donors studied, CTL that recognized peptide 56 used either V␤6.4 or V␤14; some donors had both V␤6.4 ϩ and V␤14 ϩ peptide 56-specific CTL. Among V␤6.4
ϩ peptide 56-specific clones from four donors, CDR3 length varied between 11 and 13 amino acids. The CDR3 region from three donors contained the motif HD; two clones from different donors used J␤1.6. The CTL from donors 015 and 016 that were specific to peptide 56 also used J␣31 but with different V␣ segments ( Table 6 ). All HLA-B7-positive donors recognized peptide 31 (10mer); peptide-specific CTL from the three donors studied exclusively used V␤7 family (Table 4 ). In addition, TCR ␤-chain sequences of peptide 31-specific CTL from donors 016 and H0018 were highly similar; three different CTL clones from these two donors used V␤7.1 and J␤1.1 and had CDR3 amino acid sequences of the same length that differed at only one position.
We studied the clonal composition of pp65 peptide-specific CTL in two subjects with asymptomatic HIV infection. A similar pattern of clonal focusing was seen in the CTL of these donors.
In the experiments where we analyzed the clonal composi- 
a TCR ␣-and ␤-chain amino acid sequences are shown from CTL clones derived from five donors. These TCRs exclusively use V␤6.4 or V␤14. CTL from donors 015 and 016 also both use J␣31.
tion of multiple LDA microcultures, we simultaneously quantified the frequencies of peptide-specific CTLp by using LDA (unpublished data). It is therefore possible to estimate the number of identical functional peptide-specific clones present in vivo. Donor 009's peptide 56-specific CTLp were present at a frequency of 14,000 per 10 6 CD8 ϩ T cells (1 of 71 CD8 ϩ T cells). As a conservative estimate, it can be assumed that at least 50% of the observed peptide-specific response in LDA in this donor is mediated by a single CTL clone (since five of five clones or cultures had identical V␤14 ϩ sequences). If any given individual has 5 ϫ 10 10 CD8 ϩ lymphocytes (13) , this would imply that donor 009 had approximately 10 8 identical peptide 56-specific CTL. The lowest peptide-specific CTLp frequency measured was for donor 011's peptide 72-specific CTL response of 143 peptide-specific CTLp per 10 6 CD8 ϩ T cells. With the same assumptions, the corresponding clonal size would be 10 6 cells. If the cloning efficiency of LDA is less than 100%, the actual clonal sizes in vivo may be even larger. Although there may be other CTL clonotypes in the HCMV peptide-specific repertoire in vivo in addition to those that we have characterized here, it is clear that these in vitro-derived clones must have undergone extensive expansion in vivo.
Our results indicate that the large population of circulating memory CTL specific for a given pp65 peptide contains individual CTL clones that have undergone extensive clonal expansion. This finding may provide an explanation for many previous observations of oligoclonal expansions within CD8 ϩ memory T cells in normal human subjects for which no function has hitherto been identified (4, 12, 16, 17, 26, 28, 29, 31, 36, 40) . Such expansions may be due to clones of CD8 ϩ CTL specific to HCMV or other common persistent viruses.
There are a number of possible reasons for the high degree of clonal focusing of pp65 peptide specific memory CTL in a healthy virus carrier. The sequence of the peptide eliciting the CTL response in vivo may be a factor: small changes in the amino acid composition of one peptide can change a response from being focused into being more polyclonal (10) . Overall, the MHC class I haplotype may have an effect: this has been reported to be an important determinant of whether a heterogeneous or homogeneous CTL response is mounted in response to a B*4402-restricted EBV epitope (7) . As HCMV infection is persistent and may reactivate intermittently, the focused pp65-specific CTL response we have observed in HCMV carriers may be the result of repeated exposure to viral antigen with selection of CTL that express certain high-affinity TCRs during maturation into long-term memory (37) . Repeated stimulation by persistent viral antigen may also explain the very large clonal sizes we have observed. Supportive evidence comes from studies of other persistent virus infections which have also been associated with large clonal expansions of peptide-specific CTL: EBV (2), HIV-1 (22) , and HTLV-1 (38) . In contrast to HCMV, the magnitude of the CTL response to a nonpersistent virus, influenza virus, is 10-to 100-fold lower (23) and diminishes after resolution of acute infection (27) . It has, however, been proposed that the conserved TCR usage seen by CTL specific to A2-restricted influenza virus peptide M58-66 may be due to exposure to repeatedly encountered antigen during asymptomatic reinfection (23) . It will therefore be important to examine the clonal composition of CTL generated in response to primary infection by HCMV and to determine how the composition of this response changes over time.
It has previously been reported that HCMV-specific CTL immunity can be reconstituted by adoptive transfer of cloned CTL (34) . The data presented here may explain the relative ease by which clones can be obtained in vitro and show that reconstitution with clones of CTL may in fact provide immunity similar to that generated after natural infection.
In summary, there are very high frequencies of CTLp specific to a variety of pp65 peptides restricted by different class I MHC alleles. There is a high degree of clonal focusing among CTL specific to each of these peptides in the donors studied, and the same clone or clones were repeatedly isolated at multiple time points up to a year apart. The memory CTL response to individual HCMV pp65 epitopes thus contains individual clones that have undergone extensive expansion in vivo.
